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Introduction 
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}  Top Quark 
}  Heaviest fundemental particle discovered. 
}  Top mass a free parameter in EW theory. 
}  Top and W masses constrain Higgs mass. 

 
}  Window to new physics? 

}  Through radiative correction with top loops?
Need to know precisely top mass. 

}  Different influence in different final states? 
Check consistency across channels. 

Zhenyu Ye, Moriond-QCD 2011 
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Measurements From Decay Products 
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lepton+jets: 
di-lepton: 
all hadronic:  

tt! lvqq 'bb
tt! ll 'vv 'bb
tt! qq 'q"q"'bb

Event selection: 
kinematics, topology, b-jet ID. 
Remaing dominant background: 
W/Z+jets, multi-jets, Diboson. 

Zhenyu Ye, Moriond-QCD 2011 

More details in Silvia Amerio’s presentation 



Challenges and Solutions 
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}  Jet energy scale:  ±2%ΔJES ~ ±2GeVΔmt 
}  in-situ JES by using the constraint from hadronic W mass, can be done in 

l+jets and all hadronic channels, not in di-lepton channel alone. 
}  look at quantities insensitive to JES, e.g. lepton pT. 

Zhenyu Ye, Moriond-QCD 2011 



Challenges and Solutions 
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}  Jet-parton match:  njet! Permutations 
}  b-jet ID helps reducing the number of permutations. 
}  kinemiatc fitter to pick up the permutation(s) with best χ2. 

Zhenyu Ye, Moriond-QCD 2011 



Template Fitting in All Hadronic Channel 
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}  Build MC templates for quantities sensitive to top quark mass and JES.  
}  Fit data to MC templates with different generated top masses or JES. 
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Template Fitting in MET+Jets Channel 
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}  Signal is W->τν(hadrnoic τ decay) or missing lepton+jets  
}  Template fit to 3 jet invariant mass from the hadronic top decay. 

mt=172.3±2.4(stat+JES)±1.0(syst)

Zhenyu Ye, Moriond-QCD 2011 

CDF Public Note 10433 



Recent Results from Template Fitting Method 
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channel Top quark mass luminosity 

l+jets/dilepton mt
reco with in-situ JES 172.1±1.1(stat)       ±1.0(syst) 4.8 fb-1  

l+jets/dilepton lepton pt 172.8±7.2(stat)       ±2.3(syst) 2.8 fb-1  

l+jets Lxy of b-jets and lepton pt 170.7±6.3(stat)       ±2.6(syst) 1.9 fb-1  

all hadronic mt
reco with in-situ JES 172.5±1.4(stat)       ±1.5(syst) 5.8 fb-1  

MET+jets mt
reco with in-situ JES 172.3±1.8(stat)       ±1.8(syst) 5.7 fb-1 

channel Top quark mass luminosity 

electron+muon w(mt) with v weighting  173.3±2.4(stat)       ±2.1(syst) 5.3 fb-1  

dilepton/l+track v and matrix weighting 174.7±4.4(stat)       ±2.0(syst) 1.0 fb-1  

Zhenyu Ye, Moriond-QCD 2011 

new since summer 2010 



Matrix Element Method 
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}  Matrix element method is based on the calculation of event 
probability densities estimated from differential cross section 
and detector resolutions. 

 
}  JES is a global multiplicative factor for the jet energy scale.  

}  Transfer functions encode the detector resolution and 
provides the mapping from a parton y to the measured x. 

Psig (x;mtop,JES) =
1

!obs (mtop )
! dq1 dq2f(q1)f(q2 )

(2!)4 M(y,mtop )
2

4 (q1 "q2 #m1m2

d!6W(y,x,JES)$

Parton 
densities 

LO matrix 
element 

Transfer 
functions 

Zhenyu Ye, Moriond-QCD 2011 



Matrix Element in Lepton+Jets Channel 
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Matrix Element in Dilepton Channel 
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mt=173.6±1.8(stat)±2.6(syst)
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FIG. 1: (a) Mean values of mt and (b) pull width from pseudo-
experiments as a function of input mt for the eµ channel. The
dashed lines represent the ideal response, where the extracted
mass is identical to the input mass and where the uncertainty
is unbiased.

summarized in Table I.367

The dominant systematic uncertainty in the dilepton368

channel comes from the difference in detector response369

between light and b-quark jets in data and MC estimated370

by propagating the difference in response to single pi-371

ons between data and MC to the jet energy scale of jets372

arising from b quarks. The next important uncertainty373

arises from uncertainties in jet energy scale. The jet en-374

ergy scale (JES) has been calibrated at D0 using γ+jets375

and dijet data events. It has a total uncertainty of typi-376

cally 2% per jet, which translates into an uncertainty on377

mt of 1.5 GeV. The main systematic uncertainty from378

modeling tt̄ production is from higher-order effects and379

hadronization. This uncertainty is evaluated by using380

mc@nlo [24] tt̄ events. An additional tt̄ modeling un-381

certainty is estimated through pythia MC by varying382

the amounts of initial and final-state radiation [25].383

We combine the measurements of the top quark mass384

in the three individual dilepton channels (ee, eµ, µµ) us-385

ing the BLUE method [26], taking the relevant correla-386

tions into account. The combination has a χ2 of 3 for 5387

degrees of freedom. The eµ channel carries the largest388

weight (63%) in the combination.389

In summary, we present a measurement of the mass390

of the top quark in the tt̄ → W+bW−b̄ → #+νb#−ν̄ b̄391

channel using the matrix element method. Based on an392

integrated luminosity of 5.4 fb−1 of data collected by the393

D0 collaboration, the top quark mass is found to be394

mt = 173.6± 1.8(stat) ± 2.5(syst) GeV. (3)

This measurement is in a good agreement with395

the current world average of mt = 173.3 ±396

1.1(stat + syst) GeV [27] and with a total uncertainty of397

3.1 GeV, better than 2 % accuracy, represents the most398

precise measurement of the top quark mass for dilepton399

final states.400

We thank the staffs at Fermilab and collaborating401

institutions, and acknowledge support from the DOE402
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FIG. 2: (a) Projection of the likelihood in data to the mt

axis with best estimate and (b) the expected uncertainty dis-
tribution with measured uncertainty indicated by the arrow
for the eµ channel. As the top quark mass is measured to be
mt =174.5 GeV in the eµ channel, the expected uncertainty
distribution is shown for the closest input mass mt =175 GeV.

TABLE I: Summary of systematic uncertainties on the mea-
surement of mt in dilepton events.

Source Uncertainty (GeV)

JES ±1.5
b/light jet response ±1.6
Jet resolution ±0.3
Muon resolution ±0.2
Electron pT scale ±0.4
Muon pT scale ±0.2
ISR/FSR ±0.8
Higher order and hadronization ±0.7
Color reconnection ±0.1
b-quark modeling ±0.4
PDF uncertainty ±0.1
MC calibration ±0.1
Signal fraction ±0.2

Total ±2.5
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by propagating the difference in response to single pi-371

ons between data and MC to the jet energy scale of jets372

arising from b quarks. The next important uncertainty373

arises from uncertainties in jet energy scale. The jet en-374

ergy scale (JES) has been calibrated at D0 using γ+jets375

and dijet data events. It has a total uncertainty of typi-376

cally 2% per jet, which translates into an uncertainty on377

mt of 1.5 GeV. The main systematic uncertainty from378

modeling tt̄ production is from higher-order effects and379

hadronization. This uncertainty is evaluated by using380

mc@nlo [24] tt̄ events. An additional tt̄ modeling un-381

certainty is estimated through pythia MC by varying382

the amounts of initial and final-state radiation [25].383

We combine the measurements of the top quark mass384

in the three individual dilepton channels (ee, eµ, µµ) us-385

ing the BLUE method [26], taking the relevant correla-386

tions into account. The combination has a χ2 of 3 for 5387

degrees of freedom. The eµ channel carries the largest388

weight (63%) in the combination.389

In summary, we present a measurement of the mass390

of the top quark in the tt̄ → W+bW−b̄ → #+νb#−ν̄ b̄391

channel using the matrix element method. Based on an392

integrated luminosity of 5.4 fb−1 of data collected by the393

D0 collaboration, the top quark mass is found to be394

mt = 173.6± 1.8(stat) ± 2.5(syst) GeV. (3)

This measurement is in a good agreement with395

the current world average of mt = 173.3 ±396

1.1(stat + syst) GeV [27] and with a total uncertainty of397

3.1 GeV, better than 2 % accuracy, represents the most398

precise measurement of the top quark mass for dilepton399

final states.400
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in the dilepton channel! 
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Recent Results from Matrix Element Method 
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channel Top quark mass luminosity 

l+jets In-situ JES with NN selection 173.0±0.9(stat+JES)±0.9(syst) 5.6 fb-1  

l+jets In-situ JES 172.4±1.4(stat+JES)±1.3(syst) 3.2 fb-1  

dilepton NN selection 171.2±2.7(stat)       ±2.9(syst) 1.9 fb-1  

channel Top quark mass luminosity 

l+jets In-situ JES  174.9±0.8(stat)±1.3(syst+JES) 3.6 fb-1  

dilepton  173.6±1.8(stat)±2.6(syst) 5.4 fb-1 

Zhenyu Ye, Moriond-QCD 2011 

new since summer 2010 
most precise measurement! 



Latest D0 and CDF Top Mass Results 
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)2 (GeV/ctopm
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0

11

CDF March 2011  2.2± 1.5 ±12.4 (

CDF March’11  0.9± 0.6 ±172.7 )1(5.8 fb   (syst.)±(stat.)  

CDF II MET+Jets*  1.8± 1.8 ±172.3 )1(5.7 pb

CDF II trk  2.6± 6.3 ±170.7 )1(1.9 pb

CDF II all j*  1.5± 1.4 ±172.5 )1(5.8 pb

CDF I all j  5.7±10.0 ±186.0 (Run I)

CDF II l+j  1.1± 0.6 ±173.0 )1(5.6 pb

CDF I l+j  5.3± 5.1 ±176.1 (Run I)

CDF II di l*  3.1± 2.2 ±170.6 )1(4.8 pb

CDF I di l  4.9±10.3 ±167.4 (Run I)

CDF Top Quark Mass (*Preliminary)

/dof = 3.4/7 (85%)2 Tevatron Combination July 2010: 
 
  mt=173.3±0.6(stat)±0.9(syst)



Challenges and Solutions 
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}  Difference between MC and data 
}  improve MC simulation 
}  account for possible remaining difference as systematic 

}  Common systematic uncertainties 
}  Physics modeling 
    higher order effects, ISR/FSR, color reconnection, showering,           
    hadronization, underlying event, multiple proton interaction,          
    PDF, b quark fragmentation, … 
}  Detector modeling 
    trigger, lepton identification, lepton energy scale and resolution, jet  
    identification, jet energy scale and resolution, b-jet identification,  
    b-jet response, … 

Zhenyu Ye, Moriond-QCD 2011 



Top Quark Mass From Cross Section 
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}  Top quark mass depends on the renormalization scheme. 

}  Direct measurements use LO MC with parton shower to 
extract the mass from data. The renormalization scheme 
is not well-defined. 

}  It is believed that the mass from direct measurements is 
close to pole mass but there is no precise understanding. 

 . 

 
 Zhenyu Ye, Moriond-QCD 2011 



Top Quark Mass From Cross Section 
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5

function of mpole
t and consequently, comparing the ex-266

perimental σtt̄ as a function of mMC
t to these theoretical267

predictions provides a value of mpole
t . The relation be-268

tween mMC
t and mpole

t or mMS
t is still under investigation.269

Arguments have been made that the MC mass should270

be close to the pole mass [5]. Therefore, we (i) extract271

mpole
t assuming that the definition of mMC

t is equivalent272

to mpole
t , and (ii) we take mMC

t equal to mMS
t to esti-273

mate the maximum effect of interpreting mMC
t as any274

other mass definition. The difference between the two275

results is included into the systematic uncertainties.276

For case (i), the mass in the MC simulations equals277

mpole
t , and Fig. 1 shows the parameterization of the mea-278

sured and the predicted tt̄ cross sections [11–13] as a279

function of mpole
t . The results for the determination of280

mpole
t are given in the left column of Table II. All values281

are consistent within 2 sd with the Tevatron average top282

quark mass of mt = 173.3± 1.1 GeV [1].283
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FIG. 1: (Color online) Experimental and theoretical [11–13]
values of σtt̄ as functions of m

pole
t , assuming that mMC

t can be
equated to the pole mass. The colored dashed lines represent
the uncertainties for all three theoretical calculations from the
choice of the PDF and the renormalization and factorization
scales (added quadratically). The point shows the measured
σtt̄ for mMC

t =172.5 GeV, the black curve is the fit to Eq. (1),
and the gray band corresponds to the total experimental un-
certainty.

TABLE II: Values of m
pole
t , with their 68% C.L. uncertainties,

extracted for different predictions of σtt̄. The results assume
that mMC

t corresponds to m
pole
t (left column). The right col-

umn shows the difference ∆ to these results if it is assumed
that mMC

t corresponds to mMS
t . The combined experimental

and theoretical uncertainties are shown.

Theoretical prediction m
pole
t (GeV)

MC mass assumption mMC
t = m

pole
t ∆(mMC

t = mMS
t )

NLO [9] 164.8+5.7
−5.4 −2.8

NLO+NLL [10] 166.5+5.5
−4.8 −2.6

NLO+NNLL [11] 163.0+5.1
−4.6 −3.3

Approximate NNLO [12] 167.5+5.2
−4.7 −2.6

Approximate NNLO [13] 166.7+5.2
−4.5 −2.6

To quantify the maximum impact of alternative inter-284

pretations of mMC
t , we now assume in case (ii) that mMC

t285

is interpreted as mMS
t . However, because the cross sec-286

tion predictions use the pole-mass convention, the value287

mMC
t = mMS

t must be converted to mpole
t using the fol-288

lowing relationship at the two-loop level [19, 20]:289

mpole
t = mMS

t (mMS
t )

[

1 +
4

3

αs(mMS
t )

π
(3)

+ 8.28

(

αs(mMS
t )

π

)2

+ ...
]

+ O(ΛQCD) ,

where αs is the strong coupling in the MS mass scheme,290

and ΛQCD is the scale of the strong interaction. The last291

term in Eq. (3) indicates that the pole mass has an un-292

avoidable ambiguity of order ΛQCD [19]. For a top quark293

pole mass of mpole
t = 173.3 GeV, the respective mass294

mMS
t (mMS

t ) is lower by 9.7 GeV. With this change of the295

mMC
t interpretation in Eq. (1) we form a new likelihood296

fexp(σ|mt) and extract mpole
t using Eq. (2). The differ-297

ence between assuming that mMC
t is equal to mpole

t and298

assuming that mMC
t is equal to mMS

t is given in the right299

column of Table II. This shows that, given the uncertain-300

ties, interpreting the MC mass as either the pole mass or301

as the MS mass has no significant bearing on the value302

of the extracted mass. We include half of this difference303

symmetrically in the systematic uncertainties. As a re-304

sult we extract a top quark pole mass of 163.0+5.4
−4.9 using305

the calculation of [11] and 167.5+5.4
−4.9 using the calculation306

of [12].307

Calculations of the tt̄ cross section [11, 12] have also308

been performed as a function of the MS mass. Compar-309

ing the dependence of the experimental cross section to310

theory as a function of mt provides an estimate of mMS
t .311

We note that a previous extraction of mMS
t [12] ignored312

the mass dependence of the measured σtt̄.313

We extract the value of mMS
t , again, for two cases: (i)314

5

function of mpole
t and consequently, comparing the ex-266

perimental σtt̄ as a function of mMC
t to these theoretical267

predictions provides a value of mpole
t . The relation be-268

tween mMC
t and mpole

t or mMS
t is still under investigation.269

Arguments have been made that the MC mass should270

be close to the pole mass [5]. Therefore, we (i) extract271

mpole
t assuming that the definition of mMC

t is equivalent272

to mpole
t , and (ii) we take mMC

t equal to mMS
t to esti-273

mate the maximum effect of interpreting mMC
t as any274

other mass definition. The difference between the two275

results is included into the systematic uncertainties.276

For case (i), the mass in the MC simulations equals277

mpole
t , and Fig. 1 shows the parameterization of the mea-278

sured and the predicted tt̄ cross sections [11–13] as a279

function of mpole
t . The results for the determination of280

mpole
t are given in the left column of Table II. All values281

are consistent within 2 sd with the Tevatron average top282

quark mass of mt = 173.3± 1.1 GeV [1].283
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FIG. 1: (Color online) Experimental and theoretical [11–13]
values of σtt̄ as functions of m

pole
t , assuming that mMC

t can be
equated to the pole mass. The colored dashed lines represent
the uncertainties for all three theoretical calculations from the
choice of the PDF and the renormalization and factorization
scales (added quadratically). The point shows the measured
σtt̄ for mMC

t =172.5 GeV, the black curve is the fit to Eq. (1),
and the gray band corresponds to the total experimental un-
certainty.

TABLE II: Values of m
pole
t , with their 68% C.L. uncertainties,

extracted for different predictions of σtt̄. The results assume
that mMC

t corresponds to m
pole
t (left column). The right col-

umn shows the difference ∆ to these results if it is assumed
that mMC

t corresponds to mMS
t . The combined experimental

and theoretical uncertainties are shown.

Theoretical prediction m
pole
t (GeV)

MC mass assumption mMC
t = m

pole
t ∆(mMC

t = mMS
t )

NLO [9] 164.8+5.7
−5.4 −2.8

NLO+NLL [10] 166.5+5.5
−4.8 −2.6

NLO+NNLL [11] 163.0+5.1
−4.6 −3.3

Approximate NNLO [12] 167.5+5.2
−4.7 −2.6

Approximate NNLO [13] 166.7+5.2
−4.5 −2.6

To quantify the maximum impact of alternative inter-284

pretations of mMC
t , we now assume in case (ii) that mMC

t285

is interpreted as mMS
t . However, because the cross sec-286

tion predictions use the pole-mass convention, the value287

mMC
t = mMS

t must be converted to mpole
t using the fol-288

lowing relationship at the two-loop level [19, 20]:289

mpole
t = mMS

t (mMS
t )

[

1 +
4

3

αs(mMS
t )

π
(3)

+ 8.28

(

αs(mMS
t )

π

)2

+ ...
]

+ O(ΛQCD) ,

where αs is the strong coupling in the MS mass scheme,290

and ΛQCD is the scale of the strong interaction. The last291

term in Eq. (3) indicates that the pole mass has an un-292

avoidable ambiguity of order ΛQCD [19]. For a top quark293

pole mass of mpole
t = 173.3 GeV, the respective mass294

mMS
t (mMS

t ) is lower by 9.7 GeV. With this change of the295

mMC
t interpretation in Eq. (1) we form a new likelihood296

fexp(σ|mt) and extract mpole
t using Eq. (2). The differ-297

ence between assuming that mMC
t is equal to mpole

t and298

assuming that mMC
t is equal to mMS

t is given in the right299

column of Table II. This shows that, given the uncertain-300

ties, interpreting the MC mass as either the pole mass or301

as the MS mass has no significant bearing on the value302

of the extracted mass. We include half of this difference303

symmetrically in the systematic uncertainties. As a re-304

sult we extract a top quark pole mass of 163.0+5.4
−4.9 using305

the calculation of [11] and 167.5+5.4
−4.9 using the calculation306

of [12].307

Calculations of the tt̄ cross section [11, 12] have also308

been performed as a function of the MS mass. Compar-309

ing the dependence of the experimental cross section to310

theory as a function of mt provides an estimate of mMS
t .311

We note that a previous extraction of mMS
t [12] ignored312

the mass dependence of the measured σtt̄.313

We extract the value of mMS
t , again, for two cases: (i)314

•  Measured cross section where MC is used to 
estimate the acceptance is less dependent on 
the top quark mass in MC.  

•  A constraint on the top quark pole mass can 
be obtained by combining the experimental 
and theoretical inputs.  

•  The result is insensitive to the interpretation 
of the top quark mass in MC. 
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)2 (GeV/ctopm
150 160 170 180 190 200

0

11

CDF March 2011  2.2± 1.5 ±12.4 (

CDF March’11  0.9± 0.6 ±172.7 )1(5.8 fb   (syst.)±(stat.)  

CDF II MET+Jets*  1.8± 1.8 ±172.3 )1(5.7 pb

CDF II trk  2.6± 6.3 ±170.7 )1(1.9 pb

CDF II all j*  1.5± 1.4 ±172.5 )1(5.8 pb

CDF I all j  5.7±10.0 ±186.0 (Run I)

CDF II l+j  1.1± 0.6 ±173.0 )1(5.6 pb

CDF I l+j  5.3± 5.1 ±176.1 (Run I)

CDF II di l*  3.1± 2.2 ±170.6 )1(4.8 pb

CDF I di l  4.9±10.3 ±167.4 (Run I)

CDF Top Quark Mass (*Preliminary)

/dof = 3.4/7 (85%)2 Tevatron Combination July 2010: 
 
  mt=173.3±0.6(stat)±0.9(syst)
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}  Because of the very short life time, the top (and antitop) 
quark decays before hadronizing.   

}  This allows direct measurements of top and antitop 
masses and to examine the CPT invariance theorem.  

}  The first result from DØ (1 fb-1) in 2009: 

}  The first result from CDF (5.6 fb-1) in 2010: 

!mt =3.8±3.4(stat)±1.2(syst) GeV PRL 103, 132001 (2009) 

!mt =-3.3±1.4(stat)±1.0(syst) GeV arxiv: 1103.2782  
Submitted to PRL 

2σeffect ?! 
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FIG. 11: Combined likelihoods of the 2.6 fb−1 and 1 fb−1 measure-
ments as functions of Mt and Mt̄ in data for the (a) e+ jets and
(b) µ +jets channel. The solid, dashed, and dash-dotted lines rep-
resent the 1, 2, and 3 sd contours of two-dimensional Gaussian fits
defined in Eq. 21 to the distributions, respectively. No pull correc-
tions have been applied, and therefore the figures are for illustrative
purposes only.

multiple hadron interactions, which is assumed to be uncor-921

related, since the reweighting according to the instantaneous922

luminosity profile is performed independently for each analy-923

sis.924

The 1 fb−1 analysis used a data-driven method to esti-925

mate systematic uncertainties from modeling of signal pro-926

cesses which did not distinguish between different sources927

such as: (i) higher-order corrections, (ii) initial and final state928

radiation, (iii) hadronization and the underlying event, and929

(iv) color reconnection. We therefore replace the correspond-930

ing systematic uncertainties estimated in the 1 fb−1 analysis931

by the uncertainties (i)–(iv) determined above, in accordance932

with Ref. [11].933

The following uncertainties from modeling of detector pe-934

formance (Table 8) are taken to be uncorrelated between the935

two measurements: (i) JES, (ii) remaining JES, and (iii) trig-936

ger efficiency. The rest are taken to be correlated.937

In the 1 fb−1 analysis, a systematic uncertainty of 0.4 GeV938

from the difference in calorimeter response to b and b̄ quarks939

was estimated using MC studies and checks in data. This940

systematic uncertainty has been re-evaluated using an entirely941

data-driven approach (item (iv) in Sec. VII B), and we there-942

fore use this new result for the analysis based on the 1 fb−1
943

data.944

All other systematic uncertainties not explicitly mentioned945

above are taken as uncorrelated.946

The combined result for ∆M corresponding to 3.6 fb−1 of947

data is948

∆M = 0.84±1.81 (stat.)±0.76 (syst.) GeV . (23)

In this combination, BLUE determines a relative weight of949

73.0% (27.0%) for the 2.6 fb−1 (1 fb−1) measurement. The950

χ2/NDOF of the combination is 0.95. The combined likeli-951

hood densities for the two analyses are presented in Fig. 11 as952

functions of Mt and Mt̄ , separately for the e+jets and µ+jets953

channels.954

IX. CONCLUSION955

We have applied the matrix element method to the mea-956

surement of the mass difference ∆M between the top and957

antitop quarks using tt̄ candidate events in the lepton+jets958

channel in data corresponding to an integrated luminosity of959

about 3.6 fb−1. We find960

∆M = 0.8±1.8 (stat.)±0.8 (syst.) GeV ,

which is compatible with no mass difference at the level of961

≈1% of the mass of the top quark.962

The probability of measuring a larger absolute mass differ-963

ence in the SM is approximately 67%.964
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•  Thanks to well-developed analysis methods, well-
understood detectors, and largest top quark samples, 
top quark mass from Tevatron is currently better than 
0.6% and is dominated by sysematics. 

}  Results are consistent among different final states and 
between CDF and D0. 

}  With the final data set of ≥2-3 times the statistics 
shown here, the expected uncertainty from the 
Tevatron could be below 1GeV! 
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Prepare the Top Legacy Measurements

7F. Déliot, general top meeting, 11-FEB-11

• legacy:
- top mass • competitive with LHC:

- s-channel single top

• complementary with LHC:
- ttbar spin correlation
- top forward-backward asymmetry
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